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Edited by Ulrike KutayAbstract Erythroascorbic acid (eAsA) is a ﬁve-carbon analog of
ascorbic acid, and it is synthesized from D-arabinose by D-arab-
inose dehydrogenase (ARA) and D-arabinono-c-lactone oxidase.
We found an NAD+-speciﬁc ARA activity which is operative
under submillimolar level of D-arabinose in the extracts of
Saccharomyces cerevisiae. The hypothetical protein encoded by
YMR041c showed a signiﬁcant homology to a L-galactose dehy-
drogenase which plays in plant ascorbic acid biosynthesis, and we
named it as Ara2p. Recombinant Ara2p showed NAD+-speciﬁc
ARA activity with Km = 0.78mM to D-arabinose, which is 200-
fold lower than that for the conventional NADP+-speciﬁc ARA,
Ara1p. Gene disruptant of ARA2 lost entire NAD+-speciﬁc
ARA activity and the conspicuous increase in intracellular eAsA
by exogenous D-arabinose feeding, while the double knockout
mutant of ARA1 and ARA2 still retained measurable amount
of eAsA. It demonstrates that Ara2p, not Ara1p, mainly contrib-
utes to the production of eAsA from D-arabinose in S. cerevisiae.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Saccharomyces cerevisiae1. Introduction
L-Ascorbic acid (AsA) is an essential compound in plants
and animals. It has a range of physiological functions, includ-
ing the scavenging of reactive oxygen species [1] and the main-
tenance of health in humans [2]. In contrast, fungi do not
generally synthesize AsA; instead they synthesize an analog
of AsA, D-erythroascorbic acid (eAsA), which shares struc-
tural and physicochemical properties with AsA [3]. In Saccha-
romyces cerevisiae, eAsA can be detected at quite low
(<0.1 mM) level [4,5], but the changes in its concentrationAbbreviations: ARA, D-arabinose dehydrogenase; AsA, L-ascorbic
acid, eAsA; eAsA, D-erythroascorbic acid
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doi:10.1016/j.febslet.2006.10.058strongly aﬀect susceptibility to oxidative stress, so eAsA is ex-
pected to play as an antioxidant [5–8].
The biosynthetic pathway of eAsA in S. cerevisiae resembles
the terminal reactions of the plant AsA biosynthetic pathway
in terms of conservation of the carbon skeleton and enzyme
localization. In plants, L-galactose is oxidized at the C1 posi-
tion to produce L-galactono-c-lactone by a cytosolic enzyme,
L-galactose dehydrogenase (L-GalDH), and the lactone is fur-
ther oxidized to AsA by L-galactono-c-lactone dehydrogenase
localized in the mitochondria [8]. The proposed biosynthetic
pathway of eAsA in yeasts involves the oxidation of D-arabi-
nose to D-arabinono-c-lactone, catalyzed by D-arabinose
dehydrogenase (ARA) [9]. This lactone is then oxidized to
eAsA by D-arabinono-c-lactone oxidase [6].
In fungi, two types of ARA have been found, and some of
them have been puriﬁed and characterized. In Neurospora cras-
sa [10] and Phycomyces blakesleeanus [11],NAD+-speciﬁc
ARA (NAD-ARA) is found. In contrast, an NADP+-speciﬁc
enzyme (NADP-ARA) occurs in Candida albicans [12] and
S. cerevisiae [9]. NADP-ARA in S. cervisiae is puriﬁed as an
apparent heterodimer, the large subunit of which is encoded
by YBR149w (ARA1) gene, and the gene disruptant of ARA1
(ara1D) has been reported to lose both NADP-ARA activity
and intracellular eAsA completely [9]. Therefore it has been
believed that NADP-ARA could be a critical component of
eAsA biosynthesis in S. cerevisiae. In contrast to this, we found
recently that NADP-ARA is a homodimer of Ara1p and that
ara1D retains more than 60% of intracellular eAsA compared
to wild-type in S. cerevisiae strain YPH250 [5]. Moreover,
intracellular eAsA signiﬁcantly increases by feeding low
[0.001% (w/v)] concentration of D-arabinose in the culture of
ara1D. It strongly suggests the presence of D-arabinose dehy-
drogenase isozyme yet unidentiﬁed.
Here, we ﬁnd the activity of an NAD-ARA with a high aﬃn-
ity for D-arabinose in S. cerevisiae YPH250. We also identify
the gene encoding the NAD-ARA and characterized the re-
combinant enzyme from this gene. We further demonstrate
that NAD-ARA works as a main contributor in the produc-
tion of eAsA from D-arabinose in S. cerevisiae.2. Materials and methods
2.1. Strains
S. cerevisiae strain YPH250 (MATa trp-D1, his3-D200 lys2–801 leu2-
D1 ade2–101 ura3–52) was used as the wild-type strain. The gene
disruptants of YBR149w, Dara1::CgHIS3 (ara1D) was prepared in
the previous work [5]. Using these two strains, the gene disruptantsblished by Elsevier B.V. All rights reserved.
Table 1
Oligonucleotides used in this study
No. Name Sequence
1 ara2delta-1f 50-GTTAATGAAAAAGTGAATCCATTCGACTTAGCTTCGGTTGTTGTAAAACGACGGCCAGT-30
2 ara2delta-2r 50-TTATATCATTTCTGGATGAGGAATACCTGAAGACCACTCCACAGGAAACAGCTATGACC-30
3 ara1-9f 50-CTGGACTTATTTGCACTATCTCCGCC-3 0
4 ara1-10r 50-GGGGAAAAACATATTGTTTACTTGAGGCG-3 0
5 ara2-3f 50-AGAAGAGGGGTGTCTTATGGATAAGTGAGG-30
6 ara2-5r 50-GAAGGCTGGAGATGACATTCTGAAGG-3 0
7 CgHIS3-f 50-ACCGCTCCGAATCAGGTTTCAAG-3 0
8 CgTRP1-f 50-AGTTTGCGGGATTCAAACCGTCG-3 0
9 GW-ARA2-1f 50-AAAAAGCAGGCTCCGACTATAAGATGGTT-3 0
10 GW-ARA2-2r 50-AGAAAGCTGGGTCTATGATTTCTGGATGA-3 0
K. Amako et al. / FEBS Letters 580 (2006) 6428–6434 6429of YMR041c (here named as ARA2, NCBI accession no. AB237161),
Dara2::CgTRP1 (ara2D) and Dara1::CgHIS3/Dara2::CgTRP1 (ara1D/
ara2D) were prepared with PCR-mediated gene deletion [13]. Synthetic
oligonucleotide primers were purchased from Fasmac Inc. (Tsukuba,
Japan) or Proligo (Kyoto, Japan). Primers used in this work were listed
in Table 1. For the disruption of ara2, Candida grabrata TRP1
(CgTRP1) [14] on pUC18 was used as the PCR template together with
two synthetic oligonucleotide primers: ara2delta-1f and ara2delta-2r.
The ampliﬁed DNA fragments were puriﬁed and used to transform
YPH250 by using the lithium acetate method [15]. Correct gene
replacements were veriﬁed by PCR (Fig. 1).3
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Fig. 1. Disruption of ARA1 and ARA2 gene. PCR products against
genomic DNA from the indicated strains as templates were applied to
a 0.8% agarose gel electrophoresis in Panel A. The numbers drawn on
the respective lanes indicate the primers used, which were listed in
Table 1. The DNA sizes of molecular size markers are shown at the left
side. Expected annealing sites of respective primers on genomic DNA
were illustrated in Panel B.2.2. Growth conditions and protein extraction
Yeast cells were grown either in YPD (2% yeast extract, 1% peptone
and 2% dextrose) or in minimal deﬁned medium [0.67% yeast nitrogen
base without amino acids (Sigma, St. Louis, MO, USA), 2% dextrose,
20 mg/L-adenine sulfate, 20 mg/ L-uracil, 20 mg/L-tryptophan, 20 mg/
L-histidine hydrochloride, 30 mg/L-leucine, and 30 mg/L-lysine] at
30 C with reciprocal shaking (300 rev/min). Cells (0.1 g) from liquid
cultures were harvested by centrifugation at 3000 · g for 5 min at 4 C
and washed twice with ice-cold distilled water. Cells resuspended with
300 ll of the extraction buﬀer composed of 0.1 M Tris–HCl (pH 7.5)
containing 1 mM EDTA, 1 mM b-mercaptoethanol, 1 mM phen-
ylmethylsulfonylﬂuoride, and 2 lg/ml pepstatin A were disrupted by
vigorous mixing with glass beads (0.4 mm average diameter). After
centrifugation at 21600 · g for 20 min at 4 C, the supernatant was
precipitated with twice volume of the extraction buﬀer saturated with
ammonium sulfate, and centrifuged at 21600 · g for 20 min at 4 C.
The precipitates were washed with the extraction buﬀer 66% saturated
with ammonium sulfate, and the resultants were dissolved with 100 ll
of the extraction buﬀer, and kept on ice before use.
2.3. Enzyme assay
In an assay of NAD-ARA in the extracts from yeast cells, the reac-
tion mixture contained 0.1 M Tris–HCl buﬀer (pH 8.2), 2 mM D-arab-
inose, 0.5 mM NAD+, and an aliquot of the enzyme in a ﬁnal volume
of 0.1 ml and the activity was measured using Beckman DU-7400 spec-
trophotometer (Tokyo, Japan). In an assay in the extracts from recom-
binant Escherichia coli cells, the concentration of NAD+ and a ﬁnal
volume were changed to 5 mM and 1 ml, and the activity was mea-
sured using a Shimadzu UV-2200 spectrophotometer (Kyoto Japan).
The reaction was conducted at 25 C, and the increase in absorbance
at 340 nm representative of NADH formation (e = 6.2 mM1 cm1)
was monitored. One unit of enzyme activity was deﬁned as the quantity
of enzyme that catalyzed the formation of 1 lmol NADH per minute.
Reaction mixtures without D-arabinose were used as reference. Activ-
ity of NADP-ARA was assayed in accordance with Hancock et al. [16].
2.4. Vector construction
The vector for ARA2 expression was constructed using the Gateway
cloning system (Invitrogen, Tokyo, Japan). A forward template-spe-
ciﬁc primer with attB1 (GW-ARA2-1f) and a reverse template-speciﬁc
primer with attB2 (GW-ARA2-2r) were applied against genomic DNA
using Toyobo BlendTaq DNA polymerase (Osaka, Japan). Insertion
of a complete attB adaptors, and cloning into an entry vector
pDONR201 vector and a destination vector pDEST17 were performed
in accordance with the manufacturer’s instruction manual. The result-
ing plasmid, pDEST17-ARA2, was introduced to E. coli BL21
(DE3)AI.
2.5. Heterologous expression of recombinant ARA2
E. coli cells carrying the pDEST17-ARA2 plasmid were grown at
37 C to an OD600 of 0.5. L-Arabinose [0.25% (w/v)] was added to a
culture medium, and the recombinant protein was produced for 3 h.
The cells collected from 200 ml culture were sonicated in 5 ml of buﬀer
A [50 mM Tris–HCl buﬀer (pH 8.0) containing 20 mM b-mercapto-
ethanol and 15% glycerol] supplemented with 1 mM phenylmethylsul-
fonyl ﬂuoride and 1 lg/ml pepstatin A. The lysate was centrifuged at
21600 · g for 20 min at 4 C, and the ﬁltered (0.2 lm) supernatant
6430 K. Amako et al. / FEBS Letters 580 (2006) 6428–6434was applied to a 5 ml HiTrap Q column (GE Healthcare, Tokyo,
Japan) equilibrated with buﬀer A. Ara2p enriched elutes (150–
200 mM NaCl in buﬀer A) were directly applied to a 1.5 · 2.0 cm
Ni-NTA superﬂow (Qiagen, Tokyo, Japan) column equilibrated with
buﬀer A containing 40 mM NaCl. Puriﬁed Ara2p was collected with
stepwise (20–150 mM imidazole in buﬀer A containing 40 mM NaCl),
dialyzed and concentrated with Vivaspin500 5000 MWCO PES (Sarto-
rius, Go¨ttingen, Germany), and stored at 70 C. It was stable for at
least 2 months.
2.6. Extraction and quantiﬁcation of eAsA
Extraction of eAsA from S. cerevisiae was carried out according to
the method of Huh et al. [6]. Cells (0.2 g) were disrupted with 0.2 ml
20% trichloroacetic acid, and the soluble fraction passed through a
0.22 lm ﬁlter unit was applied to a HPLC system equipped with an
ODS column 5C18-PAQ (Nacalai Tesque, Kyoto, Japan, 4.6 ·
50 mm) and an electrochemical detector R875 (Irica, Kyoto, Japan).
Conditions for separation and detection of eAsA were according to
the case for AsA [17]. Because the absorption coeﬃcients at 265 nm
and pH 7 are the same for eAsA and AsA [3], the absolute concentra-
tion of eAsA was estimated by comparing the absorbance change at
265 nm (e = 14.0 mM1 cm1) by the addition of AsA oxidase and
peak area of the chromatogram.
2.7. Others
SDS–PAGE of extracts and puriﬁed recombinant Ara2p was per-
formed by the method of Laemmli [18]. Concentration of protein
was determined by the method of Bradford [19], with bovine serum
albumin as the standard.3. Results
3.1. NADP+- and NAD+-dependent D-arabinose dehydrogenase
activity in protein extracts from S. cerevisiae
Kim et al. [9] puriﬁed an ARA from S. cerevisiae that used
NADP+ as a hydrogen acceptor (NADP-ARA), whereas
NAD+-speciﬁc ARA (NAD-ARA) has been also found and
characterized in another yeast species [11]. To elucidate the
characteristics of D-arabinose dehydrogenase in S. cerevisiae,
we examined the cofactor and D-arabinose speciﬁcity of
ARA activity in soluble protein extracts (Table 2). At
200 mM D-arabinose [16], NADP+ was reduced at a rate of
25.4 ± 2.4 nmol mg protein1 min1, almost 40 times as high
as the rate of reduction of NAD+. The reduction rate of
NADP+ decreased by lowering D-arabinose concentrations,
and that at 0.2 mM D-arabinose was under the detection limit.
In contrast, quite small but distinct reduction of NAD+ was
monitored in the presence of either 200 or 0.2 mM D-arabi-
nose. As a result, dehydrogenation of D-arabinose using
NAD+ as a cofactor was dominant at low concentration of
D-arabinose, and we therefore expected that an isozyme ofTable 2
NADP- and NAD-ARA activity in extracts of S. cerevisiae
D-Arabinose (mM) NADP-ARA NAD-ARA
200 25.4 ± 2.4 (100) 0.71 ± 0.34 (100)
0.2 0.1 ± 0.0 (0) 0.19 ± 0.06 (27)
From the cells grown on YPD medium (A600 = 1.5), the enzyme ex-
tracts were prepared as described in Section 2. Reaction mixtures
consisted of 0.1 M Tris–HCl (pH 8.2), 0.5 mMNAD(P)+, the indicated
concentrations of D-arabinose, and aliquots of the enzyme extract.
Values are presented as means ± S.D. (n = 3).
nmol oxidized min1 mg1 protein.NAD-ARA with higher speciﬁcity against D-arabinose than
NADP-ARA so far known was present in S. cerevisiae.3.2. Identiﬁcation of the gene encoding NAD-ARA in
S. cerevisiae
The biosynthetic pathway of AsA from L-galactose in higher
plants is similar to that of eAsA from D-arabinose in yeasts [16],
and L-GalDH functioning in AsA biosynthesis in higher plants
uses NAD+ as a sole cofactor [20]. We therefore used L-GalDH
from A. thaliana as a query to perform a TBLASTN search
against the coding sequences of deﬁned open reading frames
of S. cerevisiae in the Saccharomyces Genome Database
(http://www.yeastgenome.org/). The YMR041c gene showed
the best score (P = 6.9 · e33), and hereafter we refer to
YMR041c as ‘ARA2’. The amino acid identity between L-
GalDH andAra2p was 29.1%.WhenAra2p was used as a query
against theArabidopsisGenome Initiative coding sequences on a
TBLASTN search at The Arabidopsis Information Resource
(http://www.arabidopsis.org/), L-GalDH again showed the best
score (P = 4 · e29). TheARA2 gene family iswidely seen in bac-
teria, fungi, worms, and plants, but not in mammals (Fig. 2). L-
GalDHdid not show signiﬁcant similarity to the large subunit of
NADP-ARA inS. cerevisiae (Ara1p) (P = 0.024), and the amino
acid identity between L-GalDH and Ara1p was 16.6%, and we
could ﬁnd another 11 genes in S. cerevisiae genome showing bet-
ter similarity scores than Ara1p (data not shown).3.3. Molecular characterization of ARA2
Thus far, Ara2p was a hypothetical protein of unknown
function. To characterize Ara2p, we constructed a heterolo-
gous system for its expression. Successfully, recombinant
Ara2p was expressed, and puriﬁed by Ni2+-NTA aﬃnity chro-
matography succeeding anion-exchange chromatography to a
homogeneous state on SDS–PAGE (Fig. 3). The recombinant
Ara2p had a molecular weight of 42.4 kDa, as determined by
SDS–PAGE, and of 42 kDa, as determined by gel ﬁltration
(data not shown). These values corresponded to the theoretical
molecular weight (40.8 kDa, including the 6 · His-tag region),
indicating that the native form of Ara2p was a monomer.
Puriﬁed Ara2p had 1.8 U mg protein1 of NAD-ARA activ-
ity (data not shown). We compared the substrate speciﬁcities of
Ara2p with those of Ara1p from S. cerevisiae [9] and L-GalDH
from A. thaliana [20] (Table 3). Ara2p had a Km of 0.78 mM for
D-arabinose; this was less than 1/200 that of Ara1p [9] and
comparable to Km for L-galactose of L-GalDH [20]. In addi-
tion, Ara2p showed substrate inhibition against D-arabinose
at concentrations of more than 5 mM (data not shown). Ara2p
showed broad sugar speciﬁcity, as did Ara1p, but its
preferences were diﬀerent. NADP-ARA had a greater aﬃnity
for L-fucose and L-xylose than D-arabinose as substrates,
whereas among these three sugars, Ara2p preferred D-arabin-
ose (Table 3A). In addition, Ara2p could use L-galactose as well
as D-arabinose, a ﬁve-carbon analog of L-galactose, whereas
Arabidopsis L-GalDH could not use D-arabinose. Ara2p and
L-GalDH used NAD+ as a preferred cofactor, whereas Ara1p
preferred NADP+ (Table 3B). The Km for NAD
+ in Ara2p
was 4.1 mM (data not shown). Ara2p displayed a clear, bell-
shaped pH dependence, showing maximum activity at pH 8.2
(Fig. 4), in contrast to Ara1p and L-GalDH. These results indi-
cate that Ara2p has novel characteristics as a D-arabinose/L-
galactose dehydrogenase.
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Fig. 2. Phylogenetic tree of D-arabinose and L-galactose dehydrogenase family. The phylogenetic tree was drawn by the neighbor-joining method
[24] and processed by the Clustal W program [25] on GenomeNet (http://www.genome.ad.jp/).
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Fig. 3. SDS–PAGE of whole-cell extracts of BL21 (DE3) AI harbor-
ing pDEST17-ara2 (Lane 1) or puriﬁed recombinant ARA2p (Lane 2).
(A) Escherichia coli from 1 ml of culture was suspended in 100 lL of
loading buﬀer for SDS–PAGE [50 mM Tris–HCl (pH 6.8), 2% (w/v)
SDS, and 100 mM b-mercaptoethanol] and boiled for 5 min. The
whole-cell extract (5 lL) and puriﬁed rARA2 (2 lg) were applied to a
12% SDS–polyacrylamide gel. Proteins were stained with Coomassie
Brilliant Blue R-250.
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Fig. 4. pH dependence of ARA2, ARA1, and L-GalDH. Assays for
ARA2p (solid circles) were run in 0.1 M Tris–HCl buﬀer at the
indicated pH, 2 mM D-arabinose, and 5 mM NAD+. Data for ARA1p
(open squares) and L-GalDH measured with 50 mM HEPES-KOH
(open triangles) or with 50 mM Tris–HCl (solid triangles) were
replotted from the data in Refs. [9,20], respectively.
K. Amako et al. / FEBS Letters 580 (2006) 6428–6434 64313.4. Contribution of ARA2 to eAsA biosynthesis in S. cerevisiae
In accordance with the molecular properties of Ara2p in
terms of substrate speciﬁcity, as described in the previous
Section, we expected Ara2p to play a primary role in eAsA
biosynthesis in S. cerevisiae. To test this hypothesis, we exam-
ined Ara2p-dependent eAsA production in vivo. We prepared
strains of S. cerevisiae ara1D, ara2D and ara1D/ara2D and
measured their intracellular eAsA when D-arabinose was fed
to them (Fig. 5). These strains did not show any diﬀerences
in microscopic morphologies compared to wild-type cells,
and the growth rates in YPD medium in ara2D and ara1D/
ara2D cells were 15% lower than that in wild-type cells (data
not shown). Intracellular concentration of eAsA in wild-type
cells was 14.3 lM, which is based on the assumption that theprecipitate of globular cells after centrifugation is the best
packed to 90% density and that cell water in yeast occupies
two-thirds of the cell volume [21]. In another way, intracellular
eAsA was estimated as 4.3 nmol per 109 cells from that
YPH250 cells shows 107 cells/ml in the culture of OD600 of
0.3 (data not shown). Without feeding of D-arabinose, intra-
cellular eAsA concentrations in wild-type, ara1D, ara2D, and
ara1D/ara2D cells were 14.3 ± 1.09, 12.2 ± 0.88, 10.5 ± 0.97,
and 9.2 ± 1.04 lM (n = 3), respectively. Signiﬁcant diﬀerences
in intracellular eAsA by ANOVA and Tukey–Kramer’s test
were observed between wild-type and ara2D (P < 0.01), wild-
type and ara1D/ara2D (P < 0.01), and ara1D and ara1D/ara2D
(P < 0.05) cells. In wild-type cells, intracellular eAsA concen-
trations were signiﬁcantly increased when D-arabinose was
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Fig. 5. Eﬀect of ara1 and ara2 gene disruption on increase in
intracellular eAsA upon feeding D-arabinose. Wild-type (circles),
ara1D (squares), ara2D (diamonds), and ara1D/ara2D (triangles)
precultures of S. cerevisiae were inoculated into minimal deﬁned
medium fed with the indicated concentrations of D-arabinose at
OD600 = 0.25, and eAsA was extracted from the cells after 5 h
incubation at 30 C by reciprocal shaking at 300 rev/min. Values are
presented as means ± S.D. (n = 3).
6432 K. Amako et al. / FEBS Letters 580 (2006) 6428–6434added to liquid culture media (Fig. 5 and [16]), and they
showed saturation kinetics against external D-arabinose
(Fig. 5). Disruption of the ARA1 gene did not aﬀect the kinet-
ics of intracellular eAsA upon the addition of D-arabinose. In
contrast, the increase in intracellular eAsA with the addition of
D-arabinose up to 0.1% was small in ara2D cells and was com-
pletely abolished in ara1D/ara2D cells. Production of eAsA
from D-arabinose was also detected on a HPLC-electrochemi-
cal detector in vitro using NAD+, Ara2p and a membrane frac-
tion containing D-arabinono-c-lactone oxidase activity (data
not shown). These results show that Ara2p dominantly inﬂu-
ences intracellular eAsA concentrations with changes in the
concentration of D-arabinose in S. cerevisiae.
Finally, NADP- and NAD-ARA activities in these four
strains were also determined (Table 4). In ara2D and ara1D/
ara2D cells, NAD-ARA activities were undetectable takingTable 3
Sugar (Panel A) and cofactor (Panel B) speciﬁcity of ARA2, ARA1 and L-G
A
Hydrogen donor ARA2
Vmax (mU/mg protein)
D-Arabinose 2.4
L-Fucose 44
L-Xylose 10
L-Galactose 13
D-Lyxose 2.2
L-Gulose 1.1
B
Hydrogen acceptor Relative activity (%)
ARA2
NAD+ 100
NADP+ n.a.
aRef. [9].
bRef. [20].
n.a.: no activity.into account of large standard deviations. In ara1D and
ara1D/ara2D cells, NADP-ARA activities were 5–7% of that
in wild-type cells. However, this residual activity seems diﬃcult
to contribute to produce all intracellular eAsA in ara1D/ara2D
cells because the NADP+-ARA activity was practically unde-
tectable under physiological D-arabinose concentrations
(Table 2). It is possible that another route to eAsA exists in
S. cerevisiae.
4. Discussion
An analog of AsA, eAsA, is found in S. cerevisiae and shows
high physicochemical and structural similarity to AsA [3]. It is
synthesized from D-arabinose by the successive reactions of
ARA and D-arabinono-c-lactone oxidase [9,16]. In S. cere-
visieae, NADP-ARA was puriﬁed and characterized, and the
gene disruptant of ARA1, which encodes the large subunit of
NADP-ARA, was reported to show complete loss of both
NADP-ARA activity and intracellular eAsA [9]. However,
we have shown in the previous report [5] that NADP-ARA
in YPH250 cells is a homodimer of Ara1p, some of which
are partially degraded, and that intracellular eAsA in ara1D
cells is entirely detectable and increased by feeding D-arabi-
nose. Here, we re-examined the dehydrogenation process of
D-arabinose in eAsA biosynthesis in S. cerevisiae.
We demonstrated the presence of an ARA isozyme speciﬁc
to NAD+ by substrate speciﬁcity under various concentrations
of D-arabinose (Table 2). NAD-ARA activity was only about
5% of NADP-ARA activity at 200 mM D-arabinose, in agree-
ment with the results of a previous report [16]. In contrast, at
0.2 mM D-arabinose, NADP-ARA activity was undetectable
while NAD-ARA activity was 27% of that at 200 mM D-arab-
inose. This result clearly shows the presence of NAD-ARA iso-
zyme with higher aﬃnity for D-arabinose than that possessed
by the NADP-ARA so far characterized.
L-GalDH has been superimposed to NADP-ARA when we
compare biosynthetic pathways of between eAsA in S. cerevi-
siae and AsA in plants [16]. However, L-GalDH uses NAD+ as
a preferable cofactor. In addition, L-GalDH has no similarity
to ARA1 [20]. We therefore searched for, and identiﬁed,alDH
ARA1a L-GalDHb
Km (mM) Km (mM) Km (mM)
0.78 161 n.a.
13 98 n.a.
88 24 –
1.8 180 0.43
120 – –
56 – 3.7
ARA1a L-GalDHb
n.a. 100
100 6
Table 4
Eﬀect of ARA1 and ARA2 disruption on NADP- and NAD-ARA activities
WT ara1D ara2D ara1D/ara2D
NADP-ARA 18.6 ± 0.8 1.3 ± 0.1 14.0 ± 2.0 0.9 ± 0.1
NAD-ARA 1.01 ± 0.09 1.11 ± 0.06 0.02 ± 0.09 0.02 ± 0.05
From the cells grown on YPD medium (A600 = 2.0), the enzyme extracts were prepared as described in Section 2. Reaction mixtures consisted of
0.1 M Tris–HCl (pH 8.2), 0.5 mMNAD(P)+, the indicated concentrations of D-arabinose, and aliquots of the enzyme extract. Values are presented as
means ± S.D. (n = 3).
nmol oxidized min1 mg1 protein.
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L-GalDH in the S. cerevisiae genome. The biological occur-
rence of ARA2 and its status as the best match against L-
GalDH implies that eAsA metabolism in yeasts is a good
model for plant AsA metabolism.
Molecular properties clearly show the preference of Ara2p
compared to NADP-ARA in vitro in eAsA biosynthesis of
S. cerevisiae. Recombinant Ara2p showed signiﬁcant NAD-
ARA activity, and its molecular properties were diﬀerent in
terms of substrate speciﬁcity (Table 3) and pH dependence
(Fig. 4) from those of Ara1p and L-GalDH. This is the ﬁrst re-
port to identify the gene encoding NAD-ARA, and we expect
that proteins that have been puriﬁed in N. crassa [10] and in P.
blakesleeanus [11] are orthologs of Ara2p. The Km for D-ara-
binose in Ara2p (0.78 mM) is more than 200-fold lower than
that for Ara1p [9]. In contrast, the Km for NAD
+ in Ara2p
(4.1 mM) is about 100-fold higher than that for NADP+ in
C. albicans Ara1p (44.6 lM) [12]. However, the Km for
NAD+ did not seem to be the factor limiting Ara2p activity,
because intracellular concentrations of NAD+ range from 0.5
to 5 mM in S. cerevisiae [22].
We also found the evidence that Ara2p is the critical compo-
nent in the supply of eAsA from D-arabinose in S. cerevisiae
in vivo. The increase in intracellular eAsA by feeding of D-
arabinose was abolished in ara2D, but not of ara1D (Fig. 4).
The apparent Km for external D-arabinose (MW = 150.13) in
the production of intracellular eAsA in wild-type cells was esti-
mated as 0.01%, i.e., about 0.67 mM (Fig. 4). This value is in
good agreement with the Km for D-arabinose in Ara2p
(0.78 mM) (Table 3). From these results, we can deduce that
D-arabinose is taken up passively. X-axis intercept is
2.8 · 103% in an extrapolated line at X < 0.01% in wild-type
cells in Fig. 5, and the intracellular concentration of D-ara-
binose in S. cerevisiae grown on a minimal deﬁned culture is
expected at most 0.18 mM. It is close to 0.2 mM, the concen-
tration of D-arabinose under that no NADP-ARA activity is
detected in wild-type cells (Table 3). Therefore, the contribu-
tion of ARA1p to eAsA production under physiological condi-
tions seems limited.
Unexpectedly, a detectable amount of eAsA was still present
also in ara1D/ara2D, whereas it was not aﬀected by D-arabi-
nose feeding (Fig. 5). NADP-ARA activity was almost and
NAD-ARA was completely lost in ara1D/ara2D cells (Table
4). From the kinetics of eAsA production by feeding of D-
arabinose in ara1D/ara2D cells (Fig. 5), another NADP-ARA
isozyme, if any, must exhibit the maximum activity in yeast
cells without feeding of D-arabinose. Compared to NAD-
ARA, NADP-ARA activity in wild-type cells under physiolog-
ical D-arabinose concentrations (Table 1) seems too small to
supply all the eAsA remaining in ara1D/ara2D cells, which is
2.4-fold higher than the loss of eAsA by the disruption of
ARA2 gene. Therefore, we can deduce an unknown pathwaycompensating the basal level of eAsA in S. cerevisiae. It must
be connected to D-arabinono-c-lactone, because the gene dis-
ruptant of D-arabinono-c-lactone oxidase completely loses
eAsA [6]. Also in higher plants, several shunts for AsA biosyn-
thesis has been proposed, and most of proposed are via L-
galactono-c-lactone [23].
In conclusion, we have identiﬁed the YMR041c translation
product, Ara2p, as a NAD-ARA. Ara2p, not Ara1p, plays a
critical role in eAsA production from D-arabinose in S. cerevi-
siae, while Ara2p may not be fully operative under physiolog-
ical D-arabinose concentrations. Our results demonstrate the
similar genetic background between eAsA biosynthesis in
yeasts and AsA biosynthesis in higher plants, including even
the possibility of multiplicity of biosynthetic pathway. Our
results will give insights to understand the biosynthesis of
AsA in plants, as well as of eAsA in yeasts. This ‘‘new’’ player
in eAsA biosynthesis will be expected to industrial production
of AsA, eAsA and rare sugar derivatives beneﬁcial to human
health.Acknowledgment: This work was supported by a ‘‘High-Tech Research
Center’’ Project for Private Universities, with a matching fund subsidy
from MEXT (Ministry of Education, Culture, Sports, Science and
Technology of Japan) for 2000–2005.References
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